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Abstract
Contemporary lifestyles dictate that people spend between 60 and 90% of their 
daily lives indoors. For those living in warm climates, air conditioning is thus con-
sidered a necessity. Air conditioners function by removing hot and humid air from 
building interior and replacing it with cooler air. Microorganisms are considered 
among the most important sources of poor quality of indoor air, and contamina-
tion of this air by microbial pollutants is being increasingly recognized as a public 
health problem and a probable cause of the so-called sick building syndrome. In this 
regard, microfiber glass panel filters are considered to provide an effective solution 
for air filtration and have been demonstrated to improve air quality in many appli-
cations. However, recent research has demonstrated that certain microorganisms 
are able to colonize panel filter surfaces. Studies on selected microbes isolated from 
the most commonly used filters have revealed that the bacterial and fungal moist 
masses carried on sponge-type filters are greater than those carried on polyester 
and high-efficiency particulate air (HEPA) filters. Moreover, microbial moist mass 
has been found to increase with increasing incubation time. In addition, recent 
research has shown that certain microorganisms, particularly fungi, can colonize 
the materials used in heating, ventilation, and air-conditioning systems (HVAC).
Keywords: colonization, air-conditioning system, filter, HEPA, indoor,  
sick building syndrome
1. Introduction
Microorganisms are among the most important sources of poor indoor air 
quality, and contamination of indoor air by microbial pollutants is being increas-
ingly recognized as a public health problem and as one of the factors contributing to 
sick building syndrome. Bioaerosols, such as those comprising fungi, bacteria, and 
viruses, in indoor air can cause allergic and infectious diseases, respiratory prob-
lems, and hypersensitivity reactions. People who are sensitive to indoor environ-
mental problems complain of a wide variety of symptoms, ranging from headache, 
tiredness, nausea, and sinus congestion to eye, nose, and throat irritations [1].
Although invisible to the naked eye, the atmosphere is populated by a diversity of 
microorganisms, including bacteria, fungi, algae, and protozoa. Researchers have esti-
mated that the total bacterial count within the troposphere layer ranges from 1 × 103 to 
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1 × 105 cells/m3. Dust is formed during the passage of organic and inorganic particles 
from external and internal resources, which subsequently aggregate and precipitate. 
House dust, for example, consists of cotton fibers, hair, bacteria, molds, and remaining 
paint particles [2, 3]. The findings of a previous study have indicated that the average 
number of fungi contaminating 820 indoor air-conditioning units was 1252 CFU/m3, 
with range of 17–9100 CFU/m3. In addition, Baxter [4] found that the average number 
of spores isolated from 85 buildings was 913 cells/m3, ranging from 68 to 2307 cells/
m3. Daily and seasonal numbers of contaminant microorganisms in the air vary and 
depend primarily on environmental factors, such as vegetation, human activities, and 
seasonal fluctuations [5]. Most of these microorganisms are bacteria and fungi [6].
These microbial contaminants affect the residents of enclosed and humid build-
ings, particularly in the case of toxic hygrophytic fungi, such as Phoma sp., Exophiala 
sp., Aureobasidium pullulans, Acremonium sp., and Sporobolomyces, that are frequently 
isolated from the cooling pipes of air-conditioning systems. Gram-negative bacteria 
and their toxins are also isolated from leaks in air-conditioning pipes. Yang [7], for 
example, identified Legionella pneumophila, which is the causal agent of legionnaires 
disease, as a dominant bacterium in the water leaking from cooling systems. In 
addition, Pseudomonas aeruginosa, which has also been isolated from water leaking 
from air-conditioning systems, is an opportunistic bacterium responsible for several 
diseases. Many studies have proven that the heating, ventilation, and air-conditioning 
(HVAC) systems can become contaminated with organic pollutants, bacteria, and 
fungi, as well as by particulate matter derived from mice, insects, and nematodes. 
The bacteria and fungi colonizing these systems tend to saprophytic and thrive in 
areas that meet their environmental requirements [7]. Fungi have been proven to 
be a source of airborne contamination in air-conditioning systems [8], including 
Alternaria, Aspergillus flavus, Aspergillus fumigatus, Aspergillus niger, Aspergillus 
ochraceus, Aspergillus versicolor, Botrytis cinerea, Cladosporium herbarum, Epiccocum 
purpurascens-sterilia, and Penicillium spp., among which A. fumigatus, which has 
been isolated from air-conditioning filters, is responsible for many dangerous infec-
tions. With regard to bacteria, Propionibacterineae, Staphylococcus, Streptococcus, and 
Corynebacterineae (17, 17.5, 20, and 3%, respectively) have been detected in aeration 
pipes and air filters installed in indoor areas [9, 10]. In addition small percentages of 
species from the genera Fusobacterium and Veillonella (0.02 and 0.1%, respectively), 
which are associated with the mouth cavity and saliva, have also been identified as 
air-conditioning system contaminants [11–13].
With a view toward providing clean indoor air, several studies have been 
conducted to investigate measures that can be used to control the levels of microor-
ganisms that colonize filtering, heating, ventilation, and air-conditioning systems. 
In this regard several types of air filters have been studied with the aim of prevent-
ing the penetration of particles. However, although high-efficiency particulate 
air (HEPA) filters are widely used in hospitals, Aspergillus-associated infections 
continue to occur [14]. Currently, most indoor air-conditioning systems contain 
internal filters that extract microorganisms from the air (Figure 1). However, these 
microbes often remain viable and can be returned to the surrounding atmosphere 
under certain circumstances, such as inefficient operation, during periods of 
maintenance, or due to temporary malfunction [15].
It is widely acknowledged that air-conditioning filters do not remove all the 
particles from the air. Even the use of HEPA filters will not completely eliminate 
the problem of microbial contamination, as this material will only retain particles 
of a minimum of 3 microns in size. Thus, dust particles with sizes smaller than 
3 microns will pass through unhindered. Furthermore, when the filters become 
excessively wet, they can provide a fertile environment for the proliferation of 
molds and bacteria [16, 17].
3Impact of Air-Conditioning Filters on Microbial Growth and Indoor Air Pollution
DOI: http://dx.doi.org/10.5772/intechopen.88548
In this chapter, several new topics related to environmentally sustainable build-
ings were presented, as it clearly describes the potential impact of HVAC systems 
on the indoor air quality with the aim to enhance the healthy buildings. The chapter 
is structured as follows: besides the Introduction (Section 1), Section 2 introduces 
the principle of air filtration, Section 3 is concerned with presenting the traditional 
air filters, Section 4.5 demonstrates a comparison between the most common and 
modern HVAC filters, Section 6 provides the impact of HVAC filters on indoor air 
quality, and Section 7 is concerned with presenting several results for research prog-
ress about the relationship between microbes and traditional filters and microbial 
colonization of the types of filters commonly used in air-conditioning systems.
2. Principle of air filtration
2.1 How filters work
There are five different collection mechanisms that determine air filtering per-
formance: straining, interception, diffusion, inertial separation, and electrostatic 
attraction.
Figure 1. 
Accumulated dust on discarded polyester filters.
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The first of these mechanisms applies mainly to mechanical filters and is influ-
enced by particle size. Figures 6 to 10 illustrate the five mechanical principles of 
particle capture and their contribution to the retention of particles of different sizes.
Straining (sieving) occurs when the opening between the media components 
(e.g., fibers, screen mesh, and corrugated metal) is smaller than the diameter of 
the particle the filter is designed to capture. This principle spans across most filter 
designs and is entirely related to the size of the particle, media spacing, and media 
density (Figure 2).
Interception occurs when a large particle, because of its size, collides with a fiber 
in the filter that an air stream is passing through (Figure 3).
Diffusion occurs when the random (Brownian) motion of a particle causes that 
particle to come into contact with a fiber. When a particle vacates an area within the 
media, by attraction and capture, it creates an area of lower concentration within 
the medium into which another particle diffuses, only in turn to be captured itself. 
To enhance the likelihood of this attraction, filters employing this principle oper-
ate at low media velocities and/or high concentrations of microfine fibers, glass, or 
otherwise (Figure 4).
Inertial separation is based on a rapid change in air direction and the principles 
of inertia to separate particulate matter from the air stream. Particles moving at a 
certain velocity tend to remain at that velocity and travel in a continuous direction. 
This principle is normally applied when there is a high concentration of coarse 
particulate matter and in many cases represents a pre-filtration stage prior to the 
passage of air through higher-efficiency final filters (Figure 5).
Electrostatic attraction is obtained by charging the media as a part of the 
manufacturing process (Figure 6). However, it plays a minor role in mechanical 
filtration. After fiber contact is made, smaller particles are retained on the fibers 
by a weak electrostatic force. The force may be created through a manufacturing 
process or be dependent upon airflow across media fibers. The force is eradicated as 
media fibers collect contaminants that act as an insulator to a charge. Electrostatic 
filters, which are composed of polarized fibers, may lose their collection efficiency 
over time or when exposed to certain chemicals, aerosols, or high relative humidity. 
A decrease in pressure in an electrostatic filter generally increases at a slower rate 
than it does in a mechanical filter of similar efficiency.
Inertial separation and interception are the dominant collection mechanisms for 
particles greater than 0.2 μm in size, whereas diffusion is dominant for particles less 
than 0.2 μm in size.
As mechanical filters become loaded with particles over time, their collection 
efficiency and reduction in pressure typically increase. Eventually, the decrease 
Figure 2. 
Model of straining (sieving) mechanism, depends on the space between the fibers.
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in pressure significantly inhibits airflow, and when this occurs, the filters must be 
replaced. For this reason, a decrease in pressure across mechanical filters is often 
monitored, as this can provide an indication of when the filters need to be replaced. 
Thus, unlike mechanical filters, a decrease in the pressure of electrostatic filters is 
a poor indicator of the need to change filters. When selecting an HVAC filter, these 
differences between mechanical and electrostatic filters should be borne in mind 
because they will have an impact on filter performance (collection efficiency over 
time), as well as on maintenance requirements (changeout schedules).
Figure 3. 
Model of interception effect mechanism, depends on the collision between the fiber and the particle passing 
through the filter.
Figure 4. 
Model of diffusion mechanism, depends on the motion of the particle causing contact with a fiber.
Figure 5. 
Model of inertial separation mechanism, depends on the collision between the fiber and the small particles for 
reducing its velocity.
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3. Traditional types of household air filters
Humans consume approximately 30 liters of oxygen per hour. Hence, our 
requirement for air is relatively small: 0.15 m3/h. However, because we also pro-
duce carbon dioxide, our bodies require approximately 5 m3/h of fresh air in order 
to maintain carbon dioxide concentrations below life-threatening levels. When 
installing an air-conditioning system, it is advisable to determine the amount of air 
needed, and this will generally be set at between 15 and 20 m3 per individual per 
hour. However, larger volumes of air might be necessary for managing temperature 
or drawing off polluted air.
Ensuring that air is free of dust and aerosols is not only important for maintain-
ing buildings and their interior but also essential for maintaining the health and 
well-being of the human inhabitants.
This may be due to the higher foot traffic during business hours. The air output 
of these places is relatively high, and the cleaning of air-conditioning units may 
prove difficult, which could favor microbial growth and increased accumulation 
of dust on filters and in ducts. With respect to building contamination, it has been 
found that hospitals tend to have higher levels of contamination than other types 
of building examined. Given that hospitals are permanently inhabited by patients, 
this accordingly increases the potential for contamination and possibly infection by 
opportunistic pathogens [38, 39].
Al-Abdalall and Al-Abkari [29] examined the most commonly used filters 
incorporated in air-conditioning systems, namely, sponge, polyester, and HEPA, 
in order to assess the efficiency with which these filters can prevent the passage 
of fungi and bacteria. They accordingly found that complex filters were the most 
efficient in terms of purifying air, with efficiency rates up to 91.8% for bacteria and 
100% for fungi. Sponge filters were deemed to be the least efficient filters, with 
estimated filtration rates of 2 and 50% for bacteria and fungi, respectively. This dif-
ference can probably be explained in terms of the passage of air through filters, with 
filters containing smaller pores being able to trap the larger cells of bacteria or fungi 
more efficiently. In other words, sponge filters are less efficient for air purification 
due to the large filter pores, whereas the filters of HVAC systems are able to capture 
particles smaller than 0.5 microns and prevent all particles with sizes greater than 3 
microns from passing through [40].
In this regard, there are a number misconceptions concerning the relationship 
between filter efficiency and particle size, and in order to resolve this issue, a num-
ber of companies have developed certain filter-related standards based on particle 
counts at the most penetrating particle size (MPPS). The European Standard applies 
to HEPA ULPA filters used in the field of ventilation and for technical processes 
(e.g., for clean room technology or applications in the nuclear and pharmaceutical 
industries).
Figure 6. 
Model of electrostatic attraction mechanism, depends on charging the fiber to retain the small particles by a 
weak electrostatic force.
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Many indoor air quality problems can be solved or avoided by cleaning or replac-
ing air filters on a regular basis. Since using air filters is one of the most common 
methods of purifying air, it is recommended that filters be checked at 3-month 
intervals or that arrangements are made for a certified technician to change the 
filter at the beginning of each season.
Filters tend to become clogged, and once their holding capacity has been 
reached, particulate matter tends to be released downstream in the system and 
into the heat exchanger and can thereby cover the interior of the ductwork and 
the blower motor. This matter can subsequently cause problems and malfunctions 
in the mechanical and electrical parts of the system, resulting in high repair costs 
and even the need for replacement. The dispersed matter will circulate back into 
the house, potentially resulting in the proliferation of molds and other fungi. Dirty 
filters can also have a detrimental effect on energy consumptions due to impeded 
airflow, resulting in an increased in fan runtime.
4. Types of most common HVAC filters
4.1 Minimum efficiency reporting value (MERV)
According to the American Society of Heating, Refrigerating, and Air-
Conditioning Engineers (ASHRAE) Standard 52.2-2007 [41], the performance of an 
air filter is determined by measuring the particle counts on both the upstream and 
the downstream sides of the air filter device being tested. Through provided capture 
efficiency values for a range of particle sizes, it facilitates the selection of a filter 
that has the best efficiency with regard to removal of the target contaminant.
To simplify filter selection, the Standard defines a minimum efficiency reporting 
value. The MERV is a single number that simplifies the filter selection process by pro-
viding the specifier, or the user, with a single value of specification for filter selection. 
For most filters with mechanical-based filter operation, this number will most probably 
be a minimum value at installation and throughout the life of the filter. The particle size 
ranges specified by Standard 52.2 and an illustration of how to read an ASHRAE 52.2-
2007 [41] test report are shown in Tables 1 and 2 and Figure 5, respectively (Figure 7).
Range Size (microns)
1 0.3–0.4
2 0.4–0.55
3 0.55–0.7
4 0.7–1.00
5 1.00–1.30
6 1.30–1.60
7 1.60–2.20
8 2.20–3.00
9 3.00–4.00
10 4.00–5.00
11 5.00–7.00
12 7.00–10.00
Table 1. 
Particle size ranges of Standard 52.2.
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Unfortunately, filters that use the principle of electrostatic attraction can “fool” 
the test by providing a high MERV during tests. However, due to the loss of electro-
static attraction during operation, a much lower value is obtained during applica-
tion. Hence, the user may not be getting the particle removal efficiency that they 
originally specified.
Multiple studies have shown that coarse-fiber media (charged synthetic 
media), unlike fine-fiber media (fiberglass media), perform differently in real-life 
applications. Coarse-fiber media depends on an electrostatic charge to achieve the 
published filter efficiency. When atmospheric air, in which 99% of the particulate 
matter less than 1.0 micron in size, passes through a filter, the very fine particulate 
matter will dissipate the charge, and the filter rapidly loses efficiency.
Qian [42] isolated Streptophyta from dust samples collected from the filters of 
air-conditioning systems at a rate of 45%, whereas the rate in the indoor air was 
found to be only 2.4%, which provides an indication of the efficiency of HVAC filter 
systems (preventing particles sizes that are larger than 3 μm).
4.2 Types of most common HVAC filters
There are six types of filters, which are briefly described below.
Example particle Size (μm)
Hair 20–200
Pollen 10–100
Spores 10–25
Toner 5–20
Oil fog 0.3–5
Bacteria 0.2–25
Tobacco smoke 0.01–1
Virus 0.002–0.05
Table 2. 
Particle size ranges of common pollutants specified by Standard 52.2.
Figure 7. 
How to read an ASHRAE 52.2-2007 test report.
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4.2.1 Flat fiberglass filters
The main advantage of fiberglass filters is they are very cheap, easy to install, and 
readily available in stores. Accordingly, although they have a lifespan of only 1 month, 
replacing them on a monthly basis would not pose an inordinate financial burden. 
Unfortunately, they are not particularly effective in terms of trapping particles.
4.2.2 Pleated filters
These filters are more effective with regard to trapping dust than fiberglass 
filters. They can trap approximately 45% of airborne debris. Their MERV rating 
typically lies somewhere between 10 and 13. They also have a 1-month lifespan but 
tend to be more expensive than fiberglass filters.
4.2.3 Electrostatic air filters
These filters use electricity to attract charged particles, which are trapped 
internally. They are very efficient at trapping dust particles and debris and have a 
6-month lifespan.
4.2.4 Washable filters
They are the most economical type of filter, which can be removed and cleaned 
as directed, dried, and then reinstalled. Furthermore, they do not need replacing at 
monthly intervals. These filters can prevent the passage of debris and tend to func-
tion better when dirty. However, they have a MERV rating of only 1–4.
4.2.5 Disposable filters
These filters comprise a cardboard frame and filter material. As their name 
implies, it is necessary to replace them when they become dirty.
4.2.6 HEPA filters
HEPA filters are considered the best type of filter because they trap even the 
smallest particles and keep premises smelling fresh. They can capture up to 97% of 
all particulate matter and remove all allergens from indoor air.
5. Modern HVAC filters
The type of air filter is the first factor people take into consideration before 
deciding on which air purifier to purchase.
Air filters and electrostatic filter cleaners are typically rated according to the 
minimum efficiency reporting value, commonly known as the MERV rating. The 
MERV scale is a measurement scale developed in 1987 by ASHRAE to rate the effec-
tiveness of air filters, which determines efficiency in terms of the size of particle 
that the filter will capture. Values vary from 1 to 16, with a higher number indicat-
ing the greater efficiency of the filter in trapping airborne particles.
5.1 UV lights and filtration systems for cleaner indoor air
Recently, UV lights have been widely employed in the ducts of HVAC filtration 
systems. These lights facilitate effective and inexpensive control and solve the 
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problem of microbial outgrowth in HVAC systems, eliminating up to 99.9% of the 
microorganisms and destroying airborne viruses, bacteria, and fungi. The types 
and quantities of microorganisms killed depend on the length of exposure and the 
output of the lamps. Nowadays, more advanced UV lights, such as air scrubbers, are 
employed, which can kill both airborne viruses and bacteria and those growing on 
surfaces.
There are two main types of UV lights used for HVAC systems, the most com-
mon of which are coil sterilization UV lights, which are installed near the return 
ducts, so as to kill mold that may grow on the air handler coil. These UV lights 
operate 24 h a day and eliminate the need for removing mold from the air handler 
coils. The second main type of UV lights is air sterilizer UV lights that function by 
sterilizing the air passing through the return ducts [57].
5.2 Activated carbon air filters
Also referred to as charcoal-impregnated air filters, these types of filters are 
used to effectively remove odors and fumes from the air during the air recirculating 
process.
Commercial activated carbon filters provide high-efficiency odor, fume, and gas 
removal and are fabricated using the finest quality coatings, including bulk air filter 
media and pads cut to size, pleats, panels, and high-density granular carbon packs.
Synthetic media substrates, such as non-woven polyester, are impregnated with 
finely ground coatings, including activated carbon, zeolite, or alumina, and a heat 
set to retain these coatings even when the activated carbon filter media is rinsed or 
vacuumed. Just as a sponge soaks up water, the media of activated carbon air filters 
absorb odors and fumes. Moreover, the odor-causing molecules are permanently 
removed from the air, rather than simply being masked with a different odor.
The rate of adsorption depends on the relationship between the pore structure, 
or surface area, and the shape of the contaminating molecules. Activated carbon 
filters are disposable air filters, and once they have become saturated with odors, 
fumes, or gases, after approximately 3 to 6 months of use, they must be replaced. 
The amount of activated carbon required will depend on the amounts of odors, 
fumes, or gases to be removed [57].
5.3 Deodorizing filters
Deodorizing air filters use acidified titanium, activated carbon, ceramic fiber, 
pulp, and other advanced materials that are prepared using a variety of rigorous 
refinement processes. They function by purifying the air and maintaining air fresh 
and show superior efficacy when used in conjunction with UV irradiation [57].
5.4 Antibacterial filters
Antibacterial filters are prepared by incorporating a bactericidal substance 
in the filter media. However, doubts remain regarding the effectiveness of these 
filters. One type is prepared by simply spraying the additive onto the surface of 
the filter medium, and therefore effective coverage is often not achieved, and not 
all of the filter layers will kill bacteria. A second type is prepared by application 
of a bacteriostatic agent, which does not kill the bacteria and may indeed promote 
the development of drug resistance among the bacteria. A third type may gener-
ate certain gaseous substances or odors that are potentially harmful to humans. 
Furthermore, it should be emphasized that it is difficult to capture bacteria on the 
windward side of the HEPA filters fabricated from inorganic materials, into which 
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the bacteria may even penetrate. However, these microorganisms are only likely 
to survive under suitable conditions of temperature and humidity. Accordingly, 
the efficacy of these antibacterial filters remains inconclusive, and ASHRAE has 
recommended that HVAC systems incorporating antibacterial filters should be 
used with caution, so as not to produce any additional chemical pollution within 
indoor environments [57].
Although air filters often show excellent removal efficiency with regard to 
pathogens, the captured microorganism can remain viable within the filter and 
subsequently grow and become re-dispersed in the air flow, thereby generating a 
secondary source of pollutants and unpleasant odors. In an effort to resolve this 
issue, a large number of studies have been conducted with the objective of improv-
ing the effectiveness of air filters with antibacterial properties, and some of these 
studies have demonstrated that such air filters can be successfully prepared by 
incorporating inorganic nanoparticles and natural plant extracts [58].
Kim [59] also evaluated the efficacies of various functional filters coated with 
antimicrobial chemicals in deactivating representative microorganisms on filters 
or as bioaerosols. Specifically, they examined the effectiveness of functional filters 
coated with different chemicals, including ginkgo and sumac; Ag-apatite and 
guanidine phosphate; SiO2, ZnO, and Al2O3; and zeolite, using a model ventilation 
system to evaluate the efficiency in which bacteria (Escherichia coli and Legionella 
pneumophila), bacterial spores (Bacillus subtilis spore), and viruses (MS2 bacte-
riophage) were removed. Their result showed that although the functional filters 
could facilitate the biological removal of various bioaerosols, physical removal was 
minimal. Appropriate use of chemical-coated filter materials could reduce exposure 
to these agents.
5.5 Electrostatic and HEPA filters
Electrostatic filters: Static electricity attracts dirt and dust to vertical and over-
head surfaces. The static is often generated when two surfaces rub together and are 
then separated. Electrostatic filters generate a static electrical charge on all particles 
in the air that passes through eight filter layers. The discharged particles are then 
attracted to collector plates with an opposite electrical charge. These filters have the 
advantage of being washable.
High-efficiency particulate air filters: HEPA filters have a strong particle-
trapping capacity that facilitates the removal of a high percentage (99.97%) of 
airborne particles that pass through an air purifier and accordingly meet US gov-
ernment standards. This contrasts with the 60–90% efficiency of medium filters 
[24]. Furthermore, HEPA filters perform significantly better than electrostatic air 
cleaners, in which filtering is based on ionic processes. HEPA filters are therefore 
often used in medical facilities and in households in which the residents suffer from 
severe allergies.
5.6 Microbial filtration efficiency of HEPA filters
Photocatalysts are nanoscale metal oxide materials (commonly titanium diox-
ide) that are applied to substrate surfaces, forming a film after drying under the 
action of light. They have a strong catalytic degradation function and can be used 
to degrade hazardous atmospheric gases. They can also be used to effectively kill 
a variety of bacteria, with an antibacterial rate of 99.99%. Furthermore, toxins 
released during the degradation of bacteria and fungi can be rendered harmless. 
These catalysts also have a range of other properties, including deodorant and dirt 
removal functions.
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Exposure to bioaerosols can cause various adverse health effects, including 
infectious and respiratory diseases and hypersensitivity. Consequently, controlling 
the exposure to bioaerosols constitutes an important aspect of disease control and 
prevention.
Photocatalytic oxidation systems use a UV light source and a titanium dioxide 
photocatalyst to produce oxidants that destroy gaseous contaminants. When the 
photocatalyst is irradiated with UV light at wavelength of 254–365 nm, a photon 
from the light excites a catalyst electron in the valence band to jump to the conduc-
tion band, leaving a hole. This photocatalytic oxidation process converts organic 
pollutants into carbon dioxide and water. Using this technique, pollutants, particu-
larly volatile organic carbons, are preferentially adsorbed on a catalyst surface and 
oxidized. The hole generated by photocatalysis can further react with surrounding 
water to produce a hydroxyl radical (ÆOH), whereas the electron in the conduction 
band reacts with oxygen to yield a superoxide radical anion (ÆO2). These radicals 
can attack the cell membranes of microorganism, thereby causing the release of 
K+ ions, RNA, proteins, and other important components and eventually resulting 
in cell death [60]. Given these properties, researchers have applied photocatalytic 
oxidation to many substrates and achieved impressive results, indicated by the 
affective control of test microbes.
To date, however, photocatalytic oxidation has yet to be applied to HEPA filters in 
HVAC systems [24]. HEPA filters have been mandated for use in the removal of air-
borne microorganisms in many codes adopted in the field of healthcare, including the 
American Institute of Architects Guidelines for Design and Construction of Hospital 
and Health Care Facilities (AIA Guidelines), the American Society of Heating, 
Refrigerating and Air-Conditioning Engineers standards, the Joint Commission 
on Accreditation of Healthcare Organizations Environment of Care standards, the 
Centers for Disease Control and Prevention (CDC) guidelines, and recommended 
practices [61]. Although HEPA filters can efficiently capture aerosolized microorgan-
isms, the area downstream of the filter can become a breeding ground for microbes. 
Under conditions of suitable temperature and humidity, microbes retained within 
a filter can multiply using particulates adhered to the filter as a food source, and 
the microbial progeny can ultimately disperse into the filtered air [62, 63]. Thus, 
instead of being an apparatus to control air quality, these systems can potentially 
become a source of pathogens. Efforts have accordingly been made to eliminate the 
breeding ground problem. For example, Goswami [64] examined four microbial 
species (Aspergillus niger, Penicillium citrinum, Staphylococcus epidermidis, and Bacillus 
subtilis) that are representative of the genera most commonly detected in hospitals 
in Thailand, a country characterized by a hot and humid climate, with an average 
temperature of 27°C and average relative humidity ranging from 62 to 84% [65, 66].
Very high relative humidity not only reduces the probability of microorganisms 
coming into contact with hydroxyl radicals but also provides sites conducive to 
microbial survival. Excessive amounts of water can also occlude the reactive sites 
of filter surfaces and subsequently reduce the photocatalytic oxidation efficiency 
[64, 66, 67]. Hence, the effect of relative humidity has been investigated.
Chuaybamroong [24] examined the application of photocatalytic oxidation 
to HEPA filters for disinfection of airborne microorganisms. Experiments were 
conducted at two TiO2 loadings on HEPA filters irradiated with UV-A under two 
relative humidities. They assessed the inactivation of two fungal (Aspergillus niger 
and Penicillium citrinum) and two bacterial (Staphylococcus epidermidis and Bacillus 
subtilis) isolates and found that, on average, 60–80% of microorganisms retained on 
a photocatalytic filter were inactivated, although in the case of S. epidermidis, 100% 
inactivation was observed.
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These authors suggested that high humidity may induce the reactivation 
of organisms, whereas water may occupy most of the TiO2 sites, leaving fewer 
available sites for microbial colonization. These conjectures are consistent 
with the opinions of [68], who noted that although the presence of water 
vapor enhances the likelihood of hydroxyl radical formation, at certain humid-
ity levels, radical formation would not increase with increasing water vapor 
and even decrease due to the occlusion of adsorption site on the TiO2 surface. 
Consequently, high humidity would decrease filter efficiency. Furthermore, 
Peccia [69] indicated that high levels of relative humidity may promote changes 
in the biopolymers within microbial cells, including cell wall components, or 
alter protein structure, thereby affecting DNA repair enzymes, and hence could 
protect the microorganism from desiccation and/or attenuate the incident UV 
irradiation.
6. Impact of HVAC filters on indoor air quality
Filtration technology is currently an integral aspect of air purification tech-
niques that focus on particulate matter, the most common examples of which are 
fibrous filters [18]. The use of glass fiber filters is another mature filtration tech-
nique with a proven high efficiency (99.0%), similar to that of the HEPA filters [19]. 
Furthermore, wire mesh filters can also provide good filtration efficiency down to 
sizes of 2–10 μm [20].
On the basis of particle filtration efficiency, air filters can be divided into 
four types: prefilters, medium filters, HEPA filters, and ultralow particulate 
air (ULPA) filters [21]. The filtration efficiency of ULPA filters is greater than 
99.999%, with particles of diameters down to 0.12–0.17 μm being effectively 
trapped [22]. Similarly, HEPA material has a strong ability for trapping 
particles and can remove 99.97% of particulate matter, smog, and bacteria 
with sizes down to 0.3 μm (Figure 8). In contrast, the efficiency of medium 
filters is only between 60 and 90% [23, 24]. Most air purifiers currently on 
the market incorporate HEPA filters, as these are internationally recognized 
as the most efficient filters, capturing particles of different diameters. HEPA 
filters are designed to be over 99.99% efficient and are used in a diverse range 
of situations, including in theaters, hospitals, respirators, and vehicles [25]. 
Furthermore, filtration based on the use of non-woven nano-fiber material 
is an emerging filtration technique with an extremely high efficiency that is 
comparable to, or even superior to, HEPA-based filtration in the smaller par-
ticle size range [26].
According to the Environmental Protection Agency (EPA), pollutant levels 
may be two to five times higher indoors than outdoors, which indicates that 
the poor quality of indoor air is mainly attributable to the inefficient circula-
tion of air. In regions characterized by hot summer, there is a heavy reliance on 
air-conditioning systems for maintaining comfortable conditions during the hot 
summer months. Accordingly, windows tend to remain shut, and little fresh air 
enters into our homes and places of work. The EPA warns that high temperatures 
and humidity can increase the concentrations of certain pollutants, with young 
children and the elderly being at particular risk from the detrimental effects of 
indoor air pollution.
Mechanisms for trapping dust in air using a standard filter, killing almost of all 
airborne microbes using UV lamps, and removing fine particles (dust) and died 
microbes using a high-efficiency particulate air filter (Figure 8).
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6.1 Air duct cleaning services
Given that dirty HVAC units have been proven to be less efficient, it is essential 
that air-conditioning ducts are periodically cleaned through employing an air duct 
cleaning service. Such cleaning should include complete care of the internal ele-
ments of the HVAC unit.
Ductwork would only be essential if there has been renovation, asbestos abate-
ment, lead paint removal, or a significant accumulation of dust debris. Cleaning 
would be considered essential in the presence of the following: animal feces, mold, 
foul odors, noticeable debris, or pet hairs. Furthermore, if occupants suffer from 
an unexplained allergy, then it would be advisable to consider cleaning. Abe [27] 
noted that it is possible to remove fungi and bacteria from filters by washing with 
water and detergent; however, if the fan and heat exchanger are also contaminated, 
specialist cleaning would be required (Figure 9).
Kujundzic [28] mentioned that cleaning room air could contribute to reducing 
the levels of particulate matter within the home and that this can be achieved by 
using filters that retain the filtered particles.
6.2 Air-conditioning systems and mold
Mold is a pervasive problem, of which many property owners are fully 
unaware. In the Eastern Province of Saudi Arabia, the average annual humidity 
level is approximately 74%, but can be notably higher during certain times of the 
day and year. Many types of mold require a humidity of only 50% to commence 
growth, and air-conditioning systems are a common source of mold in many 
households. One of the causal factors in this respect is the fact that HVAC systems 
do not operate continuously, which can result in a fluctuation in humidity levels. 
The EPA warns that if an HVAC system is turned off before occupants perform 
tasks such as mopping, the humidity levels can suddenly surge and cause mois-
ture and mold problems. If an HVAC system is improperly programed (which is a 
Figure 8. 
A standard filter traps large dust particles in internal structure of an air purifier. HEPA filter captures 
microbes.
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common problem), then the air-conditioning system may cycle off when the air 
is cooled but before it has had time to dry sufficiently, causing moisture prob-
lems. HVAC maintenance issues can be a further source of mold-related prob-
lems, such as when excessive moisture accumulates on the air-conditioning coils, 
resulting in the growth of mold. This mold can subsequently be blown through 
the air-conditioning ducts and released into the surrounding air. Holes or gaps in 
air ducts can also lead to the formation of condensation, which creates a perfect 
breeding ground for mold to grow. Such mold can cause numerous health-related 
problems, including respiratory problems, skin rashes, and allergic reactions 
[17].
In a study designed to examine the efficiency of various filters used for trap-
ping microorganisms, Al-Abdalall and Al-Abkari [29] isolated the bacteria and 
fungi colonizing air-conditioning systems in different types of buildings during 
each of the four season s, in the provinces of Dammam and Qatif in eastern 
Saudi Arabia, and determined the respective frequency distributions. The 
air-conditioning systems were found to be contaminated by different types of 
bacterial and fungal species. Specifically, the isolated bacteria included Serratia 
Figure 9. 
Ducts should be cleaned periodically.
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liquefaciens, Bacillus pumilus, Bacillus cereus, Bacillus subtilis, Staphylococcus 
lentus, and Oligella ureolytica, whereas the common fungal taxa included 
Cryptococcus laurentii, Aspergillus niger, Aspergillus flavus, Cladosporium sp., and 
Rhizoctonia sp. Ironically, the findings of the study indicated that buildings that 
were in good condition were those likely to have the highest levels of microbial 
contamination (Figure 10).
Among the microparticles suspended in air, there is an abundance of biologi-
cal material, including fungal spores, pollen grains, bacteria, and viruses. Air-
conditioning systems can readily become polluted by these biological contaminants, 
which disperse throughout indoor areas and raise the risk of infection among the 
occupants [30]. The amounts of bacteria and fungi harbored by these systems tend 
to differ according to location, and numbers and frequencies also show seasonal dif-
ferences [31]. Furthermore, differences in the number of microorganisms isolated 
and the distribution of different types of isolates can also depend on the type of 
filter used and the frequency of cleaning. In this regard, [29] found Cladosporium 
sp. to be a dominant contaminant and also identified Alternaria sp., Aspergillus fla-
vus, Aspergillus niger, and Rhizoctonia sp. with frequencies of 24.16, 12.96, 12.8, 8.29, 
and 4.96%, respectively. Similar results were obtained by [32–35]. Consistently, 
Al-Suwaine et al. [36] mentioned that Aspergillus and Cladosporium spp. were the 
common isolates detected in closed systems in Riyadh, KSA, whereas other fungal 
genera, including Fusarium and Rhizopus, were isolated in low frequency, similar to 
findings of [33, 37].
6.3 HVAC systems and indoor pollution
Heating, ventilating, and air-conditioning (HVAC) systems function by draw-
ing in air through a network of intake ducts, cooling the air, and then releasing the 
cooled air back into the home through return ducts. The constant recirculation of 
air in HVAC systems means that pollutants are continuously blown through indoor 
areas. In the eastern region of Saudi Arabia, given that the summer is generally very 
hot and humid, many properties are at risk from the growth of mold within air 
ducts.
Figure 10. 
Microorganisms collected by swabbing an air-conditioning duct and using the swabs to inoculate a fungal 
growth medium. The left-hand panel shows Aspergillus fumigatus growth on inoculated medium. The 
right-hand panel shows the mycelial growth and conidiophores of A. fumigatus viewed under a compound 
microscope.
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7. The microbial colonization of traditional filters
7.1 The relationship between microbes and traditional filters
We have previously examined the nature of the relationship between filters 
and airborne microbes, using small pieces (1 × 1 cm) of traditional filters (sponge, 
polyester, and HEPA) These materials were sterilized with alcohol, then dried, and 
subsequently moistened with glucose yeast extract medium. We then prepared 
suspensions of the examined fungal strains (Aspergillus niger, Aspergillus flavus, 
Cladosporium sp., and Rhizoctonia sp.). These were retained in sterilized petri 
dishes, whereas other groups were prepared for carbon-free sources. They were 
monitored for 1 to 3 months and thereafter examined under a microscope. Heavy 
growth of mycelium was observed. The fungal filaments are looped around filter 
fibers also assembled into the filter cavities, forming a tangled knot of fungal 
mycelium and filters fibers (Figure 11).
Figures 12–15 show that the microscopic structures of the filters shown in 
Figure 11 have been colonized by Aspergillus niger in (Figure 12), Aspergillus flavus 
in (Figure 13), Rhizoctonia in (Figure 14) and Cladosporium in (Figure 15) which  
indicate that these fungi use the filters as a support for fungal mycelium.
Microorganisms can exploit various parts of air-conditioning systems, includ-
ing filters, as sheltered sites, which are conducive to rapid grow and reproduction 
[16, 17, 43]. The high levels of humidity in air-conditioning systems [16, 44] and 
the accumulated dust in the filters and other parts of these systems provide an 
environment that is suitable for the growth of a range of different microbes.
Microorganisms can secrete a diverse array of extracellular enzymes to exploit the 
various available filter materials, such as cellulose, as sources of nutrition [43, 45].
Kuehn [44] pointed out that moisture promotes fungal growth in filter tissues 
and can also favor bacterial reproduction leading to subsequent transmission to 
and dispersal within indoor environments. Such moisture often originates from the 
drops of condensate that form air-conditioning towers [46].
Maus [47] have suggested that the spores of some bacteria and fungi trapped 
within air filters can retain their viability and reproduce under the prevailing environ-
mental conditions. These microorganisms can be dispersed through purification and 
air-conditioning systems and be inhaled by workers and residents in buildings [30].
Microbiological particles constitute one of the most important sources of air 
pollution that determine the purity of the air. It is known that atmospheric air 
is a carrier of disease-causing organisms, including fungal spores and microbial 
Figure 11. 
Structure of filters observed under an optical compound microscope. The right-hand panel shows sponge 
filter cavities of different sizes. These openings are wider than those of other filters. The middle panel shows 
a polyester filter, which is characterized as a network installation with narrower openings than the sponge 
filter that are regular in shape. The left-hand panel shows a HEPA filter, characterized by complex knit and 
numerous narrow openings that increase efficiency by preventing the passage of fine particles.
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cells, the concentrations of which vary widely according to environmental condi-
tion, particularly the nature of the internal environment and the various activi-
ties of humans who reside or work therein [48]. In order to achieve the desired 
level of microbial contamination control in air-conditioning systems and develop 
suitable air purification techniques, it is generally necessary to conduct extensive 
studies [17].
Hamada and Fujita [49] noted that the contamination of filters tends to be 
very low during the first year after installation, reaching 257 cells/m3 of room air, 
whereas by the sixth year of use, they found that the number of contaminating cells 
had increase threefold to 692.
Durand [50] demonstrated that species of Aspergillus and Penicillium are the 
fungi most commonly isolated from the filters of air-conditioning systems, whereas 
species of Cladosporium and other types tend to be detected at relatively low rates. 
Figure 12. 
The mycelial growth and conidiophores of Aspergillus niger on the studied filters: (a) sponge, (b) polyester, and 
(c) HEPA.
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For bacteria, species of Actinomycetes and Bacillus (cocci and Gram-negative types) 
tend to be the most commonly isolated.
Al-Abkari [17] recommended that air-conditioning filters should be cleaned 
regularly and that regular maintenance is necessary to prevent an accumulation 
of contaminants and to remove the suspended dust. In this regard, spongy filters 
can be readily washed and cleaned with detergents, and be reused after cleaning. 
In contrast, HEPA filters, which consist of interlocking fibers, are very difficult 
to wash and clean and should thus be replaced on a regular basis. Furthermore, it 
has been demonstrated that the number of microbial colonies (bacteria and fungi) 
growing on culture dishes that were exposed to air that had passed through differ-
ent filters increased after 30 min and then decreased after 60 min. This indicates an 
inverse relationship between the period of operation of the air-conditioning system 
and the quantity of air that had been purified [51].
Al-Abkari [17] examined the extent of microbial growth on the most com-
mon types of filter used in the eastern region of Saudi Arabia (sponge, polyes-
ter, and HEPA) and found that sponge filters harbored the highest microbial 
moist mass, reaching 0.177 and 0.257 gm for bacteria and fungi, respectively. 
Figure 13. 
The mycelial growth and conidiophores of Aspergillus flavus on the studied filters: (a) sponge, (b) polyester, 
and (c) HEPA.
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Comparatively, the bacterial mass recorded on polyester and HEPA reached 
0.024 and 0.037 gm, respectively, and the corresponding fungal mass on these 
filters was 0.072 and 0.047 gm, respectively. Douwes [52] isolated polysac-
charide compounds known to be excreted by various fungi that grow on dust in 
residential homes, and the detection of these compounds is accordingly consid-
ered to be a good indicator of the presence of these fungi.
Moray and Williams [53] performed direct microscopic observations of the 
porous soft filters typically used in air-conditioning systems and accordingly identi-
fied pollen grains, cellulose fibers, synthetic fibers, decayed plant leaves, hairs, 
parts of insects, dust, mites, and numerous organic compounds, all of which can 
provide a refuge for microbes.
7.2  Microbial colonization of the types of filters commonly used in air-
conditioning systems
Microorganisms that are captured by filters can thrive on the filters and can 
potentially be released into the air, thereby resulting in sick building syndrome 
[54]. Furthermore, it has been determined that the number of microbes found in 
indoor air is less than that colonizing the surface of filters used in air-condition-
ing systems [55]. Foarde [56] and Kowalski [55] examined the efficiency of these 
systems and provided solutions for the HEPA filters. In addition, they noted that 
the tested filter samples trapped Bacillus subtilis, with efficiencies ranging from 19 
to 100%, whereas in contrast the efficiency in trapping viruses was low, ranging 
from 0.7 to 20%.
Al-Abkari [17] examined the ability of microorganisms (bacteria and fungi) 
to degrade various types of filter commonly used in air-conditioning systems, 
Figure 14. 
The mycelial growth of Rhizoctonia sp. on the studied filters: (a) sponge, (b) polyester, and (c) HEPA.
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namely, sponge, polyester, HEPA, and the environmental conditions, such as dust, 
temperature, and moisture, which enable these organisms to take refuge, grow, and 
reproduce. The results indicated that the growth of bacterial strains was dependent 
on the filter media containing a carbon source. The average of bacterial moist mass 
loading on different filters was found to be positively related to the length of incu-
bation period (1, 2, and 3 months), with weights reaching 0.061, 0.09, and 0.101 g 
after incubations for 1, 2, and 3 months, respectively. Furthermore, it was found 
that the average microbial mass detected on sponge filters (0.177 g) was larger than 
that on either polyester (0.024 g) or HEPA (0.037 g).
Generally, it was observed that the average of moist weights of bacterial mass 
on all filters increases with an increase in the length of the incubation period, with 
recorded averages of (0.134, 0.169, and 0.228 g) and (0.019, 0.024, and 0.03 g) and 
(0.031, 0.035, and 0.046 g) for sponge, polyester, and HEPA filters, respectively. In 
contrast, it was found that the moist mass of microbial growth on culture medium 
lacking a carbon source remained essentially constant with increasing incubation 
time, with values of 0.023, 0.023, and 0.028 g; 0.03, 0.035, and 0.039 g; and 0.163, 
0.171, and 0.162 g) for sponge, polyester, and HEPA filters, respectively.
With regard to the growth of fungal strains, when these were grown in a 
medium containing a carbon source, the average moist fungal mass loading on 
different filters showed a positive relationship with incubation period (1, 2, and 
3 months), with weights reaching 0.87, 0.118, and 0.142 g, respectively. Similar to 
bacterial growth, the average weight of fungal biomass growing on sponge filters 
(0.257 g) was larger than that on polyester (0.072 g) and HEPA (0.047 g). The 
weight of fungal mass on polyester and HEPA filters was 0.05, 0.082, and 0.085 g 
Figure 15. 
The mycelial growth and conidia of Cladosporium sp. on the studied filters: (a) sponge, (b) polyester, and  
(c) HEPA.
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and 0.022, 0.04, and 0.078 g, respectively. Notably, however, fungal growth on 
sponge filters increased with increasing incubation time, reaching 0.181 and 
0.324 g, following incubation for 1 and 2 months, respectively, whereas after 
incubation for 3 months, it had decreased to 0.265 g.
8. Conclusion
Microbial pollution is one of the most fundamental indoor environmental qual-
ity problems in buildings. Therefore, this chapter has presented several solutions for 
indoor air quality monitoring in an effort to enhance the healthcare by describing 
the potential impact of HVAC systems on the indoor air quality. The principles of air 
filtration and traditional air filter types were presented.
Also, the chapter covered the filtration technology and the indoor air quality 
topics. Subsequently, the air duct cleaning devices, mold formation, and HVAC 
systems and indoor pollution were illustrated. Moreover, this chapter provided the 
ASHRAE standards, which was used to select the suitable HVAC filters. The six 
most common designs of HVAC filters were briefly described. This chapter was 
followed by the modern filters. All advanced air filters, UV lights, activated carbon, 
deodorizing, antibacterial, electrostatic and HEPA filters, microbial filtration 
efficiency of HEPA filters were discussed extensively.
A brief description of the microbial colonization on the commonly used 
traditional filter types for air-conditioning systems were provided, followed by a 
detailed explanation of the relationship between traditional filters and microbe’s 
formation.
Even though there is highly development in designing advanced filters to 
overcome microbial pollution, we are still facing indoor air pollution problems. The 
most challenging step is providing an affordable construction, easy to install, made 
of environmentally friendly and long-term materials, available in different designs 
and able to avoid the existence of microbial growth.
Author details
Amira Hassan Al-abdalall1*, Sarah Abdullah Al-dakheel2  
and Hmidah Abdulhadi Al-Abkari1
1 Department of Biology, Imam Abdulrahman Bin Faisal University, Dammam, 
Kingdom of Saudi Arabia
2 Department of Physics, Imam Abdulrahman Bin Faisal University, Dammam, 
Kingdom of Saudi Arabia
*Address all correspondence to: aalabdalall@iau.edu.sa
© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
23
Impact of Air-Conditioning Filters on Microbial Growth and Indoor Air Pollution
DOI: http://dx.doi.org/10.5772/intechopen.88548
[1] Hayleeyesus SF, Manaye AM.  
Microbiological quality of indoor air 
in university libraries. Asian Pacific 
Journal of Tropical Biomedicine. 
2014;4:S312-S317
[2] Harrison RM, Jones AM, Biggins PDE, 
Pomeroy N, Cox CS, Kidd SP, et al. 
Climate factors influencing bacterial 
count in background air samples. The 
International Journal of Biometeorology. 
2005;49:167-178
[3] Maron PA, Lejon DPH, Carvalho E,  
Bizet K, Lemanceau P, Ranjard L, 
et al. Assessing genetic structure and 
diversity of airborne bacterial 
communities by DNA fingerprinting 
and 16S rDNA clone library. 
Atmospheric Environment. 
2005;39:3687-3695
[4] Baxter DM. A regional comparison of 
mold spore concentrations outdoors and 
inside “clean” and “mold contaminated” 
Southern California buildings. Journal 
of Occupational and Environmental 
Hygiene. 2005;2(1):8-18
[5] Jones AM, Harrison RM. The 
effects of meteorological factors 
on atmospheric bioaerosol 
concentrations—A review. 
Science of the Total Environment. 
2004;326(1-3):151-180
[6] Griffin DW. Atmospheric movement 
of microorganisms in clouds of desert 
dust and implications for human 
health. Clinical Microbilogy Reviews. 
2007;20:459-477
[7] Yang CS. Biological Contamination 
in the HVAC System. Cherry Hill, New 
Jersey: P&K Microbiology Services, Inc.; 
2000
[8] Ljaljević M, Vukojević J, 
Stupar M. Fungal colonization of air-
conditioning systems. Archives of 
Biological Science (Belgrade). 
2008;49(3-4):123-128
[9] Hamady M, Lozupone C, Knight R.  
Fast UniFrac: Facilitating high-
throughput phylogenetic analyses 
of microbial communities including 
analysis of pyrosequencing and 
PhyloChip data. ISME Journal. 
2009;4:17-24
[10] Frank DN, Feazel LM, Bessesen MT, 
Price CS, Janoff EN, et al. The human 
nasal microbiota and Staphylococcus 
aureus carriage. PLoS One. 
2010;5:e10598
[11] Lazarevic V, Whiteson K,  
Hernandez D, François P, 
Schrenzel J. Study of inter- and intra-
individual variations in the salivary 
microbiota. BMC Genomics. 2010;11:523
[12] Cephas KD, Kim J, Mathai RA, 
Barry KA, Dowd SE, et al. Comparative 
analysis of salivary bacterial 
microbiome diversity in edentulous 
infants and their mothers or primary 
care givers using pyrosequencing. PLoS 
One. 2011;6:e23503
[13] Nasidze I, Li J, Schroeder R, 
Creasey JL, Li M, et al. High diversity 
of the saliva microbiome in Batwa 
Pygmies. PLoS One. 2011;6:e23352
[14] Eckmanns T, Ruden H, 
Gastmeier P. The influence of high 
efficiency particulate air filtration on 
mortality and fungal infection among 
highly immunosuppressed patients: A 
systematic review. Journal of Infectious 
Diseases. 2006;193(10):1408-1418
[15] Lee BU, Yun SH, Ji J, Bae GN.  
Inactivation of S. epidermidis , B. 
subtilis, and E. coli bacteria bioaerosols 
deposited on a filter utilizing air 
borne silver nano particles. Journal 
of Microbiology and Biotechnology. 
2008;18:176-182
References
24
Energy-efficient and Sustainable Buildings
[16] Yassin MF, Almouqatea S.  
Assessment of airborne bacteria 
and fungi in an indoor and outdoor 
environment. International Journal of 
Environmental Science and Technology. 
2010;7(3):535-544
[17] Al-Abkari HA. Studies on microbial 
contamination in air conditioning 
systems in the Eastern region of Saudi 
Arabia Kingdom and their control 
[M.Sc. thesis in Microbiology]. 
Dammam, Saudi Arabia: University of 
Dammam; 2014
[18] Podgórski A, Bałazy A, Gradoń L.  
Application of nanofibers to improve 
the filtration efficiency of the most 
penetrating aerosol particles in fibrous 
filters. Chemical Engineering Science. 
2006;61:6804-6815
[19] John W, Reischl G. Measurements 
of the filtration efficiencies of selected 
filter types. Atmospheric Environment. 
1978;12:2015-2019
[20] Setekleiv A, Eddie S, Hallvard F.  
Operation and dynamic behavior of 
wire mesh pads. Chemical Engineering 
Journal. 2012;68:624-639
[21] Ahn Y, Park S, Kim G, Hwang Y, 
Lee C, Shin H, et al. Development of 
high efficiency nanofilters made of 
nanofibers. Current Applied Physics. 
2006;6:1030-1035
[22] Jamriska M, Martin D,  
Morawska L. Investigation of the 
filtration efficiency of HEPA and ULPA 
filters in submicron particle size range. 
Clean Air Environment. 1997;31:31-37
[23] Hanley J, Ensor D, Smith D, 
Sparks L. Fractional aerosol filtration 
efficiency of induct ventilation air 
cleaners. Indoor Air. 1994;4:169-178
[24] Chuaybamroong P, Chotigawin R,  
Supothina S, Sribenjalux P, 
Larpkiattaworn S, Wu CY. Efficacy 
of photocatalytic HEPA filter on 
microorganism removal. Indoor Air. 
2010;20:246-254
[25] Brincat JP, Sardella D, Muscat A, 
Decelis S, Grima JN, Valdramidis V, 
et al. A review of the state-of-the-art 
in air filtration technologies as may be 
applied to cold storage warehouses. 
Trends in Food Science and Technology. 
2016;50:175-185
[26] Wang N, Raza A, Si Y, Yu J, Sun G,  
Ding B. Tortuously structured 
polyvinyl chloride/polyurethane 
fibrous membranes for high-efficiency 
fine particulate filtration. Journal 
of Colloid and Interface Science. 
2013;398:240-246
[27] Abe K. Fungal index and 
contamination in air conditioners when 
cooled. Journal of the Society of Indoor 
Environment Japan. 1998;1:41-50
[28] Kujundzic E, Angenent LT, 
Zander DA, Henderson DE, Miller SL, 
Hernandez M. Effects of ceiling-
mounted HEPA-UV air filters on 
airborne bacteria concentrations in an 
indoor therapy pool building. Journal 
of the Air and Waste Management 
Association. 2005;55:210-218
[29] Alabdalall AH, AL-Abkari HA.  
Microbial contamination of heating, 
ventilation and air conditioning 
(HVAC) systems and the efficiency 
of various filter types in trapping 
microorganisms in Eastern Saudi 
Arabia. The Asian International Journal 
of Life Sciences. 2017;26(2):283-302
[30] Mendell MJ, Lei-Gomez Q , 
Mirer AG, Seppänen O, Brunner G. Risk 
factors in heating, ventilating, and 
air-conditioning systems for occupant 
symptoms in US office buildings: 
The US EPA BASE study. Indoor Air. 
2008;18:301-316
[31] Quintero E, Rivera-Mariani F, 
Bolaños-Rosero B. Analysis of 
environmental factors and their 
25
Impact of Air-Conditioning Filters on Microbial Growth and Indoor Air Pollution
DOI: http://dx.doi.org/10.5772/intechopen.88548
effects on fungal spores in the 
atmosphere of a tropical urban area 
(San Juan, Puerto Rico). Aerobiologia. 
2010;26(2):113-124
[32] Griffin DW, Kellogg CA, Shinn A.  
Dust in the wind: Long range transport 
of dust in the atmosphere and its 
implications for global public and 
ecosystem health. Global Change 
Human Health. 2001;2:20-33
[33] Gorny R, Dutkiewicz J. Bacterial 
and fungal aerosols in indoor 
environment in central and eastern 
European countries. Annals of 
Agricultural and Environmental 
Medicine. 2002;9:17-13
[34] Ejdys E, Michalak J, Szewczyk KM.  
Yeast-like fungi isolated from indoor air 
in school buildings and the surrounding 
outdoor air. Acta Mycologica. 
2009;44(1):97-107
[35] Al-Abdalall AHA. Populations and 
distribution of filamentous fungi and 
bacteria in Some educational buildings 
in Dammam, eastern Saudi Arabia. 
Scientific International Journal of Food, 
Agriculture and Environment-JFAE. 
2011;9(3&4):886-891
[36] Al-Suwaine AS, Hasnain SM, 
Bahkali AH. Viable airborne fungi in 
Riyadh, Saudi Arabia. Aerobiologia. 
1999;15(2):121-130
[37] Aydogdu H, Asan A, Otkun T,  
Ture M. Monitoring of fungi and 
bacteria in the indoor air of primary 
schools in Edirne City, Turkey. 
Indoor and Built Environment. 
2005;14(5):411-425
[38] Lee YH, Lee BU. In activation of air 
borne E. coli and B. subtilis bioaerosols 
utilizing thermal energy. Journal of 
Microbiology and Biotechnology. 
2006;16:1684-1689
[39] Wakefield J. Allergies: The new 
lore of Spores. Environmental Health 
Perspectives. 2006;114(10):A576
[40] Huang R, Agranovski I, 
Pyankov O, Grinshpun S. Removal 
of viable bioaerosol particles with a 
low-efficiency HVAC filter enhanced 
by continuous emission of unipolar air 
ions. Indoor Air. 2008;18(2):106-112
[41] ASHRAE. Method of Testing 
General Ventilation Air-Cleaning 
Devices for Removal Efficiency by 
Particle Size. ANSI/ASHRAE Standard 
52.2; 2017. ISSN: 1041-2336
[42] Qian J, Hospodsky D, Yamamoto N, 
Nazaroff WW, Peccia J. Size-resolve 
demission rate so fair borne bacteria 
and fungi in an occupied class room. 
Indoor Air. 2012;22(4):339-351. DOI: 
10.1111/j.16000668.2012.00769.
xPMID:22257156
[43] Vitel C. The quality of the air 
in our buildings. Indoor and Built 
Environment. 2001;10:266-270
[44] Kuehn TH, Pui DYH, Vesley D, 
Berg CD, Peloquin M. Matching filtration 
to health requirements. ASHRAE 
Transactions. 1991;97(2):164-169
[45] Flannigan B, Miller JD. Health 
implications of fungi in in-door 
environments—An overview. In: 
Samson RA, Flannigan B, Flannigan ME, 
Verhoeff AP, Adan OCG, Hoekstra ES, 
editors. Health Implications of Fungi 
in Indoor Environments; Air Quality 
Monographs. Vol. 2. NY: Elsevier. 1994. 
pp. 3-28
[46] Simmons RB, Crow SA. Fungal 
colonization of air filters for use 
in heating, ventilating, and air 
conditioning (HVAC) systems. Journal 
of Industrial Microbiology. 
1995;14:41-45
[47] Maus R, Goppelsröder A, 
Umhauer H. Survival of bacterial 
and mold spores in air filter 
media. Atmospheric Environment. 
2001;35:105-113
Energy-efficient and Sustainable Buildings
26
[48] Bonadonna L, Marconi A. Aerosol 
A comparison of two air samplers 
for recovery of indoor bioaerosols. 
Aerobiologia. 2006;10:153-156
[49] Hamada N, Fujita T. Effect of air-
conditioner on fungal contamination. 
Atmospheric Environment. 
2002;36:5443-5448
[50] Durand KTH, Muilenberg ML, 
Burge HA, Seixas NS. Effect of sampling 
time on the culturability of airborne 
fungi and bacteria sampled by filtration. 
The Annals of Occupational Hygiene. 
2002;46(1):113-118
[51] Jo W, Lee J. Airborne fungal and 
bacterial levels associated with the 
use of automobile air conditioners 
or heaters, room air conditioners, 
and humidifiers. Archives of 
Environmental and Occupational 
Health. 2008;63(3):101-107
[52] Douwes J, van der Sluis B, 
Doekes G, et al. Fungal extracellular 
polysaccharides in house dust as 
a marker for exposure to fungi: 
Relations with culturable fungi, 
reported home dampness, and 
respiratory symptoms. The Journal 
of Allergy and Clinical Immunology. 
1999;103:494-500
[53] Moray P, Williams C. Porous 
insulation in buildings: A potential 
source of microorganisms. In: 
Proceedings of the 5th International 
Conference on Indoor Air Quality and 
Climate. Indoor Air, 1990;4:529-533
[54] Kelly-Wintenberg K, Sherman DM, 
Tsai PPY, Gadri RB, Karakaya F, 
Chen Z, et al. Air filter sterilization 
using a one atmosphere uniform 
glow discharge plasma (the volfilter). 
Transactions on Plasma Science. 
2000;28(1):64-71.
[55] Kowalski WJ, Bahnfleth WP,  
Witham DL, Severin BF, Whittam TS.  
Mathematical modeling of UVGI for air 
disinfection. Quantitative Microbiology. 
2000;2(3):249-270
[56] Foarde KK, Hanley JT, 
Veeck AC. Efficacy of antimicrobial 
filter treatments. ASHRAE Journal of 
Air Filters. 2000;42(12):52-58
[57] Xu Z. Fundamentals of Air Cleaning 
Technology and Its Application in 
Cleanrooms. Springer Heidelberg 
New York Dordrecht London; 2014. 
DOI: 10.1007/978-3-642-39374-7
[58] Komaladewi AA, Khoiruddin K, 
Surata IW, Subagia ID, Wenten IG. Recent 
advances in antimicrobial air filter. E3S 
Web of Conferences. 2018;67:03016. 
DOI: 10.1051/e3sconf/20186703016 3rd 
i-TREC 2018
[59] Kim KY, Kim CN. Airborne 
microbiological characteristics in 
public buildings of Korea. Building and 
Environment. 2007;42:2188-2196
[60] Wamer WG, Yin JJ, Wei RR.  
Oxidative damage to nucleic acids 
photosensitized by titanium dioxide. 
Free Radical Biology and Medicine. 
1997;23:851-858
[61] ASHRAE. HVAC Design Manual 
for Hospitals and Clinics. Georgia: 
American Society of Heating, 
Refrigerating and Air-Conditioning 
Engineers, Inc; 2003
[62] Goswami TK, Hingorani SK,  
Greist H, Goswami DY, Block SS.  
Photocatalytic system to destroy 
bioaerosols in air. Journal of 
Advanced Oxidation Technologies. 
1999;4:185-188
[63] Jankowska E, Reponen T, Willeke K, 
Grinshpun SA, Choi K-J. Collection 
of fungal spores on air filters and 
spore reentrainment from filters 
into air. Journal of Aerosol Science. 
2000;31:969-978
[64] Goswami DY, Trivedi DM, 
Block SS. Photocatalytic disinfection of 
27
Impact of Air-Conditioning Filters on Microbial Growth and Indoor Air Pollution
DOI: http://dx.doi.org/10.5772/intechopen.88548
indoor air. Transactions of the ASME. 
1997;119:92-96
[65] Thai Meteorological Department. 
Climate of Thailand. 2009. Available 
from: http://www. tmd.go.th/info/info.
php?FileID=56.[Accessed: September 
25, 2009]
[66] Goswami DY. Decontamination of 
ventilation system using photocatalytic 
air cleaning technology. Journal of Solar 
Energy Engineering. 2003;125:359-365
[67] Li Y, Wu CY. Role of moisture in 
adsorption, photocatalytic oxidation, 
and reemission of elemental mercury 
on a SiO2-TiO2 nanocomposite. 
Environmental Science and Technology. 
2006;40:6444-6448
[68] Li FB, Li XZ, Ao CH, Lee SC, 
Hou MF. Enhanced photocatalytic 
degradation of VOCs using Ln3+TiO2 
catalysts for indoor air purification. 
Chemosphere. 2005;59:787-800
[69] Peccia J, Werth HM, 
Miller S, Hernandez M. Effects of 
relative humidity on the ultraviolet 
induced inactivation of airborne 
bacteria. Aerosol Science and 
Technology. 2001;35:728-740
